In the previous paper (1) it was reported that guinea pigs infected intraderreally with a living toxigenic strain of C. diphtheria~ developed delayed hypersensitivity to diphtheria toxin even when treated with antitoxin before infection. The present paper describes experiments which show that small amounts of diphtheria toxoid or of ovalbumin are capable of inducing a high degree of tuberculin type hypersensitivity in guinea pigs ff the antigen is injected intradermally in the form of a complex with excess homologous antibody. Maximum sensitization is achieved several weeks before circulating antibody can be detected.
Method of Sensitization.--Various time-dosage schedules and routes of administration were
tested. The method finally adopted was the following: In the case of rabbit, human, or guinea pig antisera, one-half that quantity of antigen required to bring the system to the equivalence point was added. For example, rabbit antitoxin 379-380 contained 40 units per ml. To 1 ml. antitoxin was added 2 ml. of purified toxoid diluted so as to contain 10 Lf per ml. The mixture was allowed to incubate at 37°C. for 1 hour and then placed in the cold overnight. The precipitate was centrifuged, washed twice with 2 ml. changes of cold saline, and finally suspended in 2 ml. of saline (10 Lf combined toxoid per ml.). Toxoid-horse-antitoxin floccules were similarly prepared, except that in this case only slight antitoxin excess was used (430 units antitoxinplus 400 Lf toxoid). Once again, the washed floccules were suspended in saline so as to contain 10 Lf per ml. toxoid in the form of complex. Washed ovalbumin-antiovalbumin precipitates were likewise suspended in saline to contain 30/~g. per ml. ovalbumin in the form of its complex with excess antibody. In all cases the molecular composition of the specific precipitates approximated an antibody-antigen ratio of 4:1.
Guinea pigs (300 to 400 gm.) were sensitized by injection of the specific precipitates suspended in oil-water emulsion. The saline suspensions of antigen-antibody complex were emulsified in a syringe with an equal volume composed of 15 per cent ariacel A and 85 per cent bayol F or with a preparation of Freund adjuvant obtained from Difco Laboratories. Heatkilled Mycobacterium bugyricum, 1 mg. per ml., was incorporated into some of the suspensions.
Guinea pigs were usually sensitized by a single injection of 0.4 ml. of the oil-water emulsion of antigen-antibody complex, with or without mycobacteria, containing a total of 2.5/~g. of antigen; i.e., either purified toxoid or ovalbumin. The injection was distributed into the digits of all four feet.
Control guinea pigs were injected into the foot-pads with the same amounts (2.5 #g.) of the purified toxoid or ovalbumin in oil-water emulsion either with or without killed mycobacteria.
Skin Reactions.--Guinea pigs were usually skin tested 2 to 3 weeks after sensitization with 0.1 ml. of 10-fold dilutions of either purified toxoid (10 Lf per ml.) or ovalbumin (30/~g. per ml.). Dilutions were made in saline containing 1 per cent normal guinea pig serum, in order to prevent surface denaturation. Reactions were usually observed at intervals for the first 6 hours after challenge and again at 24 hours.
Preparation of Leucocytes for Transfer of Hypersensitivi~y.--PopYlteal and axillary lymph
nodes from 2 to 5 sensitized guinea pigs were removed and suspended in cold Tyrode's solution and the cells teased out with dissecting needles. Equally satisfactory white cell suspensions were obtained, very rapidly, by squeezing minced lymph nodes through a small garlic press. The leucocyte suspensions were washed twice with 10 ml. cold Tyrode's solution, suspended in Tyrode's solution and injected intraperitoneally into normal guinea pigs. The number of cells injected per recipient usually varied between 108 and 10 °. 24 to 72 hours after transfer, the recipient animals were challenged in the skin with 3/~g. of homologous antigen.
RESUL~

Induction of Sensitivity to Toxin and to Ovalbumin by Specific
Precipitates.- Table I shows the dimensions of delayed skin reactions to diphtheria toxoid in 4 guinea pigs tested 2 to 3 weeks after injection into the foot-pads of 0.8 Lf (2.5 t~g.) toxoid as a specific precipitate formed with excess human antitoxic gamma globulin in adjuvant containing mycobacteria. Skin tests were carried out with crude and purified toxoid before and after specific removal of the toxoid component by precipitation with horse antitoxic gamma globulin. It will be noted that the degree of sensitivity attained was as great or greater than that induced by infection (1). Moreover, sensitization was highly specific for toxin itself. The small reactions obtained to the supernate after absorption with antitoxin, could have been due to traces of soluble toxoid-antitoxin complex or possibly to a slight sensitivity to other diphtherial proteins owing to contamination of the human serum used to induce sensitivity with a trace of antibody against P proteins. Table I shows that animals may be rendered equally sensitive to ovalbumin (Ea) by a single injection of 3 ~g. Ea in the form of specific Ea-anti Ea (rabbit) precipitates in complete (i.e. mycobacteria-containing) Freund adjuvant.
The skin reactions described in Table I are typical of those seen in a large series (more than 100) guinea pigs sensitized to toxoid, Ea and certain other antigens by the same procedure. As wiU be discussed below, no detectable circulating antibody is present in the serum 2 to 3 weeks after~ sensitization provided the precipitates are made from antisera containing the corresponding antibody in excess. When complete adjuvant is used, effective sensitization is induced regardless of the route of injection, whether intradermal, subcutaneous, intramuscular, intraperitoneal, or even intravenous. :~ When two sensitizing injections were given, the interval between them was 6 days. Skin tests were carried out 12 days after second injection.
Eject of Mycobacteria.--It is well known that delayed hypersensitivity characteristically follows infection by a variety of bacterial, viral and fungal agents. Nevertheless, the idea has persisted that mycobacteria or their products are endowed with special attributes necessary for induction of the hypersensitive state. Table II shows that marked sensitivity to diphtheria toxoid can be induced in guinea pigs following a single injection of immune precipitate in oil-water emulsion in the absence of killed mycobacteria. Definite, though less pronounced sensitivity develops after two intradermal injections of saline suspensions of toxoid-antitoxin complex. Thus, while mycobacteria seem to promote a more uniformly high degree of hypersensitivity, neither acid-fast organisms nor indeed adjuvant of any kind is essential. When mycobacteria are omitted, the route of the sensitizing injection assumes considerable importance and satisfactory results are only obtained by the intracutaneous route. It may be noted that man may be rendered exquisitely sensitive to diphtheria toxoid following one or two intmdermal injections of small amounts of toxoid-antitoxin precipitate in saline (5) .
Hypersensitivity to toxoid may also be induced in guinea pigs by the separate administration of toxoid and an excess of antitoxin. Table 11 -1 describes the skin reactions in guinea pigs which had received 3 weeks previously a relatively large dose of either horse or guinea pig antitoxin intraperitoneally, followed 24 hours later by 2.5 #g. toxoid in oil-water emulsion (without mycobacteria). In this case, also, the choice of the intradermal route was important and no skin reactions of the delayed type could be elicited on challenge of those animals who received their sensitizing dose of toxoid intramuscularly. Animals which received homologous guinea pig antitoxin did show skin reactions of both Arthus and of the delayed type due to the persistence of circulating antitoxin. Cell transfer, however, was successful only in the case of the guinea pigs sensitized by the intradermal route. The species of antibody used to form the specific immune precipitate does not appear to influence the sensitization process. Precipitates formed with horse, rabbit, human, and homologous guinea pig antitoxin are all equally satisfactory in inducing sensitivity to diphtheria toxin. Finally, as shown in Table  III , injection of 2.5/~g. toxoid in combination with excess non-precipitating "skin-sensitizing" human antitoxin (2) induces the hypersensitive state. Thus it does not appear that aggregation or precipitation of the complex is required for sensitization.
Duration of Induced Hypersensitivity.--Pronounced delayed skin reactions to a challenge dose of 1 Lf (3 t~g.) toxoid can be evoked in guinea pigs on the 3rd or 4th day following a primary sensitizing injection of toxoid-antitoxin complex in incomplete adjuvant. When mycobacteria are present in the primary sensitizing mixture, sensitivity persists undiminished for at least 10 weeks.
Sensitizing Dose.-- Table IV describes skin reactions to toxoid in groups of guinea pigs sensitized 7 to 14 days previously by single decreasing doses of toxoid-antitoxin (rabbit) complex in oil-water emulsion. The degree of sensitivity induced by 0.1 Lf (0.3 ~g.) is less than that induced by 1 Lf of complex. Further increase to 10 Lf of the sensitizing dose does not appear to influence the degree of hypersensitivity attained. Relation of Circulating Antibody to Hypersensitivity.--Numerons studies have shown that excess passively administered antibody is capable of blocking the active antibody response to injected antigen (Glenny and Sudmersen (6), Hartley (7), Mason et al. (8) ). In only 2 guinea pigs, out of more than 60 tested 2 to 3 weeks after sensitization with toxoid-antitoxin (heterologous) complex, could as much as 0.001 unit per ml. antitoxin (0.0025/zg. antitoxin N per ml.) be detected, although antitoxin was actively formed within a few days after skin testing the same animals with 1 Lf of toxoid. Table V shows that no signs of anaphylaxis were elicited after intravenous challenge of sensitized animals with 0.3 to 2.4 rag. homologous antigen. On the other hand, when guinea pigs were sensitized with the same amount (3 #g.) of free ovalbumin or toxoid in adjuvant given as a single dose into the footpads, significant amounts of circulating antibody were formed. 19 of 21 animals in Table V , sensitized with free antigen, showed anaphylacfic signs following intravenous challenge with antigen 2 to 3 weeks later and fatal shock occurred in 13 of them. Antitoxin titers of serum taken from guinea pigs 2 to 3 weeks after a single intradermal injection of 2.5/zg. free toxoid in adjuvant, with or without mycobacteria, varied from 0.02 to 0.3 units per ml.
In Hartley's experiments referred to above (7), guinea pigs were immunized with toxin-antitoxin floccules formed with excess horse antitoxin. Harfley showed that small amounts of circulating antitoxin could be detected in serum collected from these animals 80 to 90 days after the immunizing injection. It is probable, therefore, that antibody formation is not completely suppressed. In the present study, some of the guinea pigs tested 8 to 10 weeks after sensitization with toxoid-antitoxin precipitates showed low titers of antitoxin in confirmation of Hartley's early work. Furthermore, unpublished experiments have shown that injections of toxoid-antitoxin complexes into rabbits and into man, also cause some antibody production, particularly if given in repeated doses or as a single booster injection. When guinea pigs are sensitized with free antigen incorporated in complete adjuvant, they develop both delayed and immediate types of hypersensitivity. Such animals show skin reactions following intradermal challenge with antigen which combine features of both Arthus and "tuberculin" types of reactions (Freund (9) ). Sensitization of animals by intradermal injection of specific precipitates containing slight antigen excess without mycobacteria also induces both the immediate and the delayed types of hypersensitivity. The guinea pigs used in the experiments summarized in Table V were sensitized with specific precipitates formed with rabbit antibody. When skin tested with rabbit gamma globulin, RGG, these animals showed inflammatory reactions. That these skin reactions were of the Arthus rather than the delayed type is suggested by the fact that they appeared early (2 hours) and were usually receding at 24 hours. This impression was confirmed by the failure to effect transfer of sensitivity to RGG by means of cells and by demonstration of circulating antibody. All of 10 animals challenged intravenously with RGG showed signs of anaphylaxis which in 8 instances terminated in death. This is in keeping with observations of others (Treffers and Heidelberger (10), Adler (11) ) that the heterologous globulin portion of immune precipitates is highly antigenic.
The following experiment is of interest in connection with the failure of guinea pigs to develop significant delayed sensitivity to the globulin portion of the specific precipitates.
6 guinea pigs were sensitized in the usual manner to antitoxic horse gamma globulin (HGG) by injection of HGG-rabbit anti-HGG specific precipitates in complete Freund adjuvant. One week later the animals were challenged in the skin with 0.5 and 5 ~g. amounts of HGG and of RGG. While strong reactions appeared at all test sites, those toHGG were of the delayed type whereas those to RGG appeared earlier and were presumably of the Arthus type. 10 rag. HGG were injected intravenously into 3 of the animals and failed to produce any of the signs of anaphylaxis. The same 3 guinea pigs were then given 5 mg. RGG and all succumbed to fatal anaphylactic shock within 3 minutes.
Transfer of Sensitivity by Means of Cells.--It is characteristic of the delayed
hypersensitive state that sensitivity can be transferred to normal animals by leucocytes but not by serum from sensitive donors (12) (13) (14) . Table VI summarizes cell transfer experiments using donor guinea pigs sensitized to toxoid or to ovalbumin 2 to 3 weeks previously by means of specific precipitates. Ceils were obtained from lymph nodes of donors 1 to 4 days after skin test and the recipient guinea pigs were skin-tested 48 to 72 hours after transfer. While there can be no doubt that the induced delayed sensitivity has been successfully transferred to recipient animals, 1 nevertheless experiments of the type described in Table VI must be interpreted with caution. Only 2 of the recipient animals were tested for circulating antitoxin and one of these showed about 0.02 unit/ml. In this animal, therefore, the skin reaction observed could have been due in part to an Arthus type of reaction. In this instance the donor animals were skin-tested with 1 Lf toxoid 4 days before removal of lymph nodes for transfer and antitoxin-forming cells were undoubtedly present in the suspension used for transfer. The experiments of Wager and Chase (15), Harris, Harris, and Farber (16), and Stavitsky (17) have shown that lymph node cells from immunized animals continue to form antibody when transferred to a normal host. Because of the similarity between the Arthus and tuberculin type skin reactions in guinea pigs, therefore, it is necessary to demonstrate that the recipient animal contains less circulating antibody than that required for an Arthus reaction. 2 The first recipient listed in Table VI showed less than 1 Sensitivity to diptheria toxoid, induced by means of intradermal injection of toxoid-antitoxin precipitates, has also been successfully transferred from man to man using extracts of leucocytes taken from peripheral blood of the sensitized donors (Lawrence, H. S., and Pappenheimer, A. M., Jr., data unpublished; Good, R. W., personal communication).
2 Skin reactions of the Arthus type have been observed in guinea pigs immunized with toxoid, whose serum contained as little as 0.02 units of antitoxin per ml. (0.05/zg. antitoxin N per ml.). This concentration of circulating antibody appears to be less than would be expected from the minimal amount of guinea pig antiovalbumin which Benacerraf and Kabat (18) found necessary to passively sensitize guinea pigs to the Arthus reaction. 0.001 units antitoxin per ml. of serum and therefore the 20 x 15 ram. delayed reaction to 1 Lf toxoid can be regarded with reasonable certainty as being of the delayed type.
As mentioned in the preceding section, guinea pigs sensitized to toxoid and to Ea by administration of specific precipitates containing RGG, showed skin reactions to RGG which were considered to be of the Arthus type. A number of recipient guinea pigs were tested with rabbit gamma globulin following cell transfer. Some of the recipients showed small positive reactions when seen at 24 hours. Here again, it is probable that these reactions were of the Arthus type, since intravenous challenge with RGG provoked immediate signs of anaphylaxis. Presumably, anti-RGG forming lymph node cells continued to form antibody after transfer to the recipient host.
Some Characteristics that Distinguish Arthus and Tuberculin Type Reactions in Guinea
Pigs.--Both in the gross and microscopically, the Arthus and the delayed tuberculin type skin reactions resemble one another closely in guinea pigs. The same small amounts of specific antigen suffice to elicit either type of skin reaction in appropriately sensitized animals. However, in the Arthus reaction circulating antibody is required, whereas if antibody of any kind is necessary for the delayed reaction it must be of a type that is bound to cells. Since only small amounts of circulating antibody suffice to render guinea pigs extremely sensitive to the Arthus reaction (see footnote 2), it is probable that many of the delayed tuberculin type reactions studied by others in sensitized guinea pigs were of the "combined" type. When only one type of sensitivity is predominant we have been able to differentiate the two types of skin reac-tions by the timing of their appearance and disappearance. In our experience, Arthus reactions in the guinea pig consistently make their appearance within 2 hours of injection and are maximal at 4 to 6 hours. Skin reactions of the delayed type, however, do not become discernible before the 4th or 5th hour, are usually maximal at 24 hours and may persist for a considerable time thereafter. At 24 hours, small Arthus type reactions are rapidly diminishing in intensity and may have faded almost entirely. However, more severe Arthus reactions persist and at 24 hours may be indistinguishable in appearance from tuberculin type reactions. Table VII summarizes the properties of the two types of reaction in guinea pigs, using the toxoid-antitoxin system as an illustration. The following year, Zingher and Park (20) reported on the immunization of school children with toxin-antitoxin and remarked "at Schick retest, many of these children showed a moderate to marked pseudoreaction." Apparently the early workers did not suspect that the sensitivity reactions which they induced were specifically directed against diphtheria toxin itself. It has been shown that a single intradermal injection of only 0.3 ~g. diphtheria toxoid or of ovalbumin in the form of a washed specific precipitate incorporated in oil-water emulsion will induce delayed hypersensitivity in the guinea pig to toxoid or ovalbumin respectively. It seems probable that even smaller quantities will suffice to render animals sensitive if killed mycobacteria are added to the adjuvant. Provided that the immune precipitate is formed in the region of excess antibody, hypersensitivity develops at least 2 to 3 weeks before the active formation of demonstrable serum antibody. The fact that neither adjuvants nor killed mycobacteria are required for induction of delayed hypersensitivity is confirmed by recent experiments in man (5) in which four Schick-positive subjects were rendered highly sensitive to purified diphtheria toxin by intradermal injection of a saline suspension of washed toxoid-antitoxin specific precipitates. 3 These experiments help to clarify the intimate relationship between infection and the development of hypersensitivity. As noted above, the amounts of specific protein antigens (in the form of immune precipitates) required for inducing the delayed hypersensitive state are very small and indeed may be equivalent to the amounts of protein which are released from bacteria during an infectious process. It seems reasonable to suggest that much of the antibody formed during the early stages of an infection is used up in reacting with antigens of the invading organism. The antigen-antibody complexes so formed could then induce the hypersensitive state. It seems likely that the degree of hypersensitivity induced will be increased if complex formation takes place at loci of inflammation surrounding the infectious agent.
Very little can be said at this time regarding the mechanism of induction of delayed hypersensitivity by means of immune precipitates. At least three factors are of importance in determining the degree of sensitization attained. They are: (a) the intradermal route of injection, (b) injection of antigen in the form of a complex with antibody, and (c) the cellular reaction in response to the sensitizing injection. While all three of these factors are of importance, no one of them can be regarded as essential.
The importance of skin in the development of delayed hypersensitivity was suggested by the early studies of Jones and Mote (21) and of Simon and Rackemann (22) . These workers noted delayed reactions to rabbit and to guinea pig serum in persons who had received repeated intradermal injections of these antigens. The importance of the intradermal route is further indicated by studies on sensitization to simple chemicals (Landsteiner and Chase (23); Eisen et al. (24) ). Sensitization is induced following topical application in olive oil to guinea pig or to human skin of substances such as picryl chloride and certain 2-4-dinitrophenyl compounds. Parenteral injection of these compounds is far less effective. Recently Porter (25) and Good (26) have shown that congenital agammaglobulinemic patients are readily sensitized to dini-
II trochlorobenzene by application of this chemical to the skin. Their experiments prove that antibody formation (in the conventional sense) is not essential for induction of the delayed hypersensitive state even though the present studies with protein antigens have shown that their injection as a complex with antibody is a far more effective means of induction than injection of free antigen alone. Perhaps the proteins of skin which conjugate with these simple reactive chemicals play a role comparable to that of antibody. The importance of the intradermal route suggests that introduction of a protein in the form of a large complex with antibody causes antigen to be retained in the skin, and thereby facilitates sensitization. However, if the role of the antibody portion of the complex were merely to hold antigen in the skin, one would expect sensitized animals to show delayed skin reactivity to heterologous globulin used to form the specific precipitate. This does not seem to be the case. It has not been possible to demonstrate delayed sensitivity to horse, rabbit, or human gamma globulin in guinea pigs sensitized to toxoid by means of specific precipitates formed with antitoxins from these species, despite the fact that the animals develop circulating antibody against the corresponding globulins. On the other hand, we have already seen that sensitivity to horse gamma globulin is readily induced in guinea pigs following injection of HGGanti HGG (rabbit) precipitates. We can only suggest that antibody (even of the non-precipitating type) hinders antigen from reaching the site of conventional antibody formation within the cell, but favors in some undetermined manner its access to different sites involved in sensitization.
In a recent review on the mode of action of adjuvants, Freund (9) has discussed the importance of the cellular reaction to killed acid-fast bacilli in bringing about sensitization to a foreign protein. The present studies show that when immune precipitates are used to induce sensitivity, acid-fast organisms are not required. However, their incorporation into the adjuvant results in increased sensitivity perhaps because of the intensity and type of the cellular reaction which they cause.
It seems probable that all methods of active immunization will induce the tuberculin type of sensitization to some extent, however slight, since actively formed antibody will combine with antigen to form complexes. The present studies imply that the chances of developing hypersensitivity during immunization will be increased considerably following booster doses of antigen, particularly if adjuvants are employed, if the booster dose is administered intracutaneously and if the individual already possesses a sufficiently high titer of circulating antibody.
In conclusion., it has been shown that only 1 or 2 #g. of a protein antigen, when complexed with antibody and injected intradermaUy, will produce maximal sensitization of the delayed type in experimental animals. When very much larger amounts of protein (a milligram or more) are used, as seems to have been the case in previous studies, the probability of inducing sensitivity at the same time to traces of impurity becomes very great. Since older methods of inducing the hypersensitive state also lead to a high circulating antibody titer, the reactions observed were often of complex etiology and difficult to interpret. Now that a simple method is available for rendering animals highly sensitive to single proteins without antibody formation, analysis of the mechanisms underlying the delayed hypersensitive state may perhaps be facilitated.
SUMMARY
A general method for induction of the delayed hypersensitive state directed against single protein antigens is described. The method consists of intradermal injection of minute amounts of washed immune precipitates containing the antigen in question. Provided the specific precipitates are formed in the region of antibody excess, maximal sensitivity develops at least 2 to 3 weeks before detectable circulating antibody is formed in guinea pigs against the sensitizing antigen. Neither adjuvant nor killed acid-fast bacteria are required for induction of the delayed hypersensitive state although the degree of sensitization is considerably increased when the sensitizing material is incorporated in Freund's complete adjuvant. Characteristics of the "delayed" as opposed to the "immediate" hypersensitive states in the guinea pig are described and implications of the findings are discussed.
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